The effect of age or dose regimen on cholinesterase inhibition (ChEI) from chlorpyrifos (CPF) or CPF-oxon (CPFO) was studied in Crl:CD(SD) rats. Rats were exposed to CPF by gavage in corn oil, rat milk (pups), or in the diet (adults) or to CPFO by gavage in corn oil. Blood CPF/CPFO levels were measured. With acute exposure, ChEI NOELs were 2 mg/kg CPF for brain and 0.5 mg/kg CPF for red blood cells (RBCs) in both age groups. In pups, ChEI and blood CPF levels were similar using either milk or corn oil vehicles. Compared to gavage, adults given dietary CPF (12 h exposure) had greater RBC ChEI, but lower brain ChEI at corresponding CPF doses, indicating an effect of dose rate. With repeated CPF exposures, ChEI NOELs were the same across ages (0.5 and 0.1 mg/kg/day for brain and RBCs, respectively). With CPFO dosing, the ChEI NOELs were 0.1 mg/kg (acute) and 0.01 mg/kg/day (repeated doses) for RBCs with no ChEI in brain at CPFO doses up to 0.5 (pup) or 10 mg/kg (adult) for acute dosing or 0.5 mg/kg/day for both ages with repeat dosing. Thus, there were no age-dependent differences in CPF ChEI via acute or repeated exposures. Pups had less ChEI than adults at comparable blood CPF levels. Oral CPFO resulted in substantial RBC ChEI, but no brain ChEI, indicating no CPFO systemic bioavailability to peripheral tissues.
Introduction
Chlorpyrifos (CPF) is a broad spectrum organophosphate insecticide that inhibits acetylcholinesterase (AChE), which can result in accumulation of synaptic acetylcholine, neuronal overstimulation, and subsequently, cholinergic signs of toxicity (e.g., excessive salivation, lacrimation, urination, defecation, incoordination, tremors, etc.) . Previous studies have demonstrated that young animals are more sensitive to lethality, some neurobehavioral effects and cholinesterase (ChE) inhibition following acute exposures to high doses of CPF (e.g., Pope et al., 1991) . At 15-20 mg/kg, PND 17 rats exhibited the same magnitude of brain ChE inhibition as adult rats given 80 mg/kg CPF . Functional neurobehavioral changes following acute CPF exposure have been correlated with ChE inhibition (Moser, 1995; Nostrandt et al., 1997) . Generally, signs of cholinergic toxicity were seen when brain ChE was inhibited >60% (Nostrandt et al., 1997; . ChE inhibition is considered the most sensitive endpoint for CPF toxicity based on previous dose-response studies and provides the most useful data for determining point of departure (US EPA, 2011). These differences in sensitivity are partially related to toxicokinetic differences between young animals and adults (i.e., young animals have a lower capacity to detoxify chlorpyrifos-oxon (CPFO), the active metabolite; Timchalk et al., 2006) .
Investigators have demonstrated that age-related differences in sensitivity to CPF exist with acute, high-dose exposures and are proportional to the magnitude of ChE inhibition. Pope and Chakraborti (1992) demonstrated that there was a high correlation between brain and plasma ChE inhibitory potency (ED 50 values) and sensitivity to acute toxicity at the maximum-tolerated dose across age groups with acute in vivo CPF exposure. Across three organophosphates (OPs), maximum-tolerated doses given to immature and adult rats produced similar degrees of brain ChE inhibition. With intermittent repeated exposures (i.e., 40 mg/kg CPF once every 4 days, total of four doses), adult rats were more sensitive to neurochemical changes, including brain ChE inhibition, than immature rats (Chakraborti et al., 1993) . The paucity of data on age-related sensitivity at low dose levels was acknowledged by the US Environmental Protection Agency (US EPA) Scientific Advisory Panel (2008) , which noted that there was uncertainty regarding the relative sensitivity of young animals to ChE inhibition after exposure to low doses of CPF. Aside from evaluating age-related sensitivity to CPF-induced ChE inhibition, there also were concerns for potential ChE inhibition due to exposures to CPFO. The US EPA's Environmental Fate and Effects Division has proposed that drinking water exposures to CPFO are possible. Estimated drinking water concentrations (EDWCs) of CPFO were based on Tier II surface water and Tier I groundwater model simulations for currently registered uses of CPF, because CPF is expected to transform to CPFO during drinking water treatment and there are limited environmental fate data available for CPFO, in part due to the short half-life of the oxon. Thus, due to the concern for potential drinking water exposures, acute and repeated-dose inhibition of ChE following CPFO exposure also was examined.
This study was derived from a standard US EPA Comparative Cholinesterase Study design to examine the relative sensitivity of adult rats and pups to ChE inhibition with the goal to better characterize age-dependent toxicity of CPF over lower portions of the dose-response curve. These data would establish whether previously identified age-related differences in ChE inhibition at high CPF doses apply at lower dose levels that are more relevant for human exposures. The study design also was expanded to examine the impact of dose vehicle, dose rate, and the effect of acute and repeated CPFO dosing on ChE inhibition with measurements of internal dose to provide context for these results. First, immature (postnatal day (PND) 11) and young adult rats were given acute (single bolus) or repeated (11 day) exposures to CPF or CPFO in corn oil. The impact of vehicle and dosing regimen was evaluated after bolus dosing in rat milk vehicle (pups) or 12 h dietary exposure (adults). The highest dose levels were selected to induce approximately 50-60% inhibition of brain ChE in the CPF studies and marked inhibition of RBC ChE in the CPFO studies. To examine behavioral neurotoxicity, clinical observations were included in the acute studies, whereas a functional observational battery (FOB) and motor activity were included after 10 daily exposures in the repeated dose study. Brain, RBC and plasma ChE inhibition were measured at the time-of-peak inhibition following both acute and repeated exposures to CPF or CPFO. Blood levels of CPF, CPFO, and/or trichlorpyridinol (TCP) were measured to examine the relationship between ChE activity and systemic exposure levels and to improve the existing physiologically-based pharmacokinetic/pharmacodynamic (PBPK/PD) model for CPF (Timchalk et al., 2002 (Timchalk et al., , 2006 . Data from this study were modeled using benchmark dose analysis in the accompanying paper by Reiss et al. (2012) .
Materials and methods

Materials and animal husbandry
Chlorpyrifos Technical (CPF; O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl)ester phosphorothioic acid; 99.8% pure) and chlopyrifosoxon (CPFO; diethyl 3,5,6-trichloro-2-pyridinyl ester phosphoric acid, 94.9% pure), a CPF metabolite that inhibits cholinesterase (ChE), were supplied by Dow AgroSciences LLC (Indianapolis, Indiana). Rat milk used as a vehicle in some PND 11 pup experiments was collected from untreated lactating dams or was purchased from Bioreclamation, Inc. (Hicksville, New York). Stability of CPF and CPFO in corn oil and milk was confirmed prior to the start of the pilot studies; stability of CPF in rodent diet was previously established for at least 30 days at concentrations spanning those used in this study. Concentration verification and homogeneity analyses were conducted for all dose solutions, and for the premix and all test diets.
Adult female Crl:CD(SD) rats were approximately 63 days of age at receipt. Females were selected for study, because adult females were either slightly more sensitive (e.g., Moser, 2000) or equally sensitive to adult males (Betancourt and Carr, 2004) ; in other studies, gender-related differences were not reported (Timchalk et al., 2006; Zheng et al., 2000) . Male and female Crl:CD(SD) rat pups were 4 or 5 days of age at the time of arrival in the laboratory. Animals were allowed to acclimate under standard environmental conditions for approximately one week prior to study initiation.
1
Adults were singly housed and pups (8/litter) were housed with lactating dams. Unless otherwise stated, LabDiet Certified Rodent Diet #5002 (PMI Nutrition International, St. Louis, Missouri) and municipal tap water were provided ad libitum and pups were given free access to lactating dams. Adult female rats were assigned randomly to treatment groups using a computer program designed to increase the probability of uniform group mean weights and standard deviations at the start of the study. Within litters, pups were randomly assigned to treatment groups with a preference for using pups of intermediate body weights when possible (i.e., avoiding unusually large or small pups). For all studies, pups from the same litter were assigned to different treatment groups to control for litter effects at each time point. The study was approved by the Institutional Animal Care and Use Committee and complied with Good Laboratory Practice regulations.
Experimental design
The primary objective of this study was to provide data for a comparison of CPF-and CPFO-induced ChE inhibition in pre-weanling and young adult rats to determine whether age-related differences in sensitivity exist. Data were also collected to evaluate how differences in dose vehicle (corn oil vs. milk) or dose regimen (gavage vs. diet) affected the toxicokinetics and pharmacological effects of CPF. The study was conducted in four phases (Table 1) : phase 1: a range-finding study; phase 2: an acute pilot; phase 3: a definitive acute study; and phase 4: a definitive repeat-dose study.
For each study phase, oral gavage doses were administered at a volume of 3 ml/kg based upon body weights collected just prior to dosing. Pups were removed from the dams approximately 1 h prior to dosing and returned to the dams after dose administration until the time of euthanasia. For gavage experiments, adult females were fasted overnight prior to dose administration, then were given ad libitum access to feed during the day. At termination, blood and brain samples were collected at each phase for the assessment of plasma, RBC and brain ChE levels.
Phase 1: range-finding study
A preliminary range-finding study was conducted to determine the approximate dose of CPF and CPFO necessary to produce marked ($50-60%) brain ChE inhibition in young adult female rats in order to anchor the dose-response curves with an effective dose. For this study, $70-day-old female rats (3/dose group) were treated as shown in Table 1 . There was a shared vehicle (corn oil) control group. All females were weighed and dosed by gavage in the morning and ChE samples were collected at 5 h following dose administration. Sample collection is described below. With CPFO, significant brain ChE inhibition was not seen, so RBC ChE inhibition was used for CPFO dose selection in subsequent study phases (Table 2) .
Phase 2: acute pilot study
The pilot study was conducted to determine the time-of-peak ChE inhibition with the different dosing scenarios (Table 1) . PND 11 rats (female) and young adult females ($70 days of age) were euthanized at numerous time points after administration of CPF (3 mg/kg in PND 11 pups; 10 mg/kg in adults) or CPFO (0.5 mg/kg in PND 11 pups; 0.3 mg/kg in adults) and ChE activity was 1 Laboratory fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). measured in various tissues (plasma, RBCs, brain). Time-of-peak ChE inhibition was determined experimentally using one dose level in the pilot study, then modeled across dose levels using the CPF PBPK/PD model (Timchalk et al., 2002 (Timchalk et al., , 2006 ; Supplemental data 1).
Phase 3: definitive acute dose-response study
The experimental design for the acute study examining the dose-response for ChE inhibition in PND 11 pups after acute CPF or CPFO administration is outlined in Table 1 . Male and female pups (8/sex/dose; PND 11) and adult female rats (8/dose; $70 days of age) were given a single gavage dose of 0, 0.05, 0.1, 0.5, 2, 5 (pups only) or 10 (adults only) mg/kg CPF in corn oil or 0, 0.005 (pups only), 0.01, 0.05, 0.1, 0.5, or 1 (adults only) mg/kg CPFO in corn oil. Prior to euthanasia, pups and adult female rats were given clinical observations to determine whether signs of cholinergic toxicity were present.
Samples (blood and brain) were collected at the time-of-peak ChE inhibition (CPF in corn oil: 6 h post-dosing in pups and 8 h post-dosing in adults; CPFO in corn oil: 4 h post-dosing in pups and adults).
A separate group of PND 11 male and female pups (8/sex/dose) were given a single gavage dose of 0, 0.05, 0.1, 0.5, 2, or 5 mg/kg Phase 1: range-finding study -summary of CPF and CPFO ChE inhibition in adult female CD rats after single gavage exposure in corn oil (samples collected 5 h post-exposure). CPF in rat milk. This dosing scenario was designed to evaluate the effect of vehicle on ChE inhibition and blood levels of CPF, CPFO and TCP. Pups were terminated at the time-of-peak ChE inhibition (8 h after dosing as determined in the pilot study and by PBPK/PD modeling). A separate group of females (8/dose; $70 days of age) was exposed to CPF in the diet for 12 h at concentrations designed to achieve similar mg/kg doses to gavage CPF (0, 0.05, 0.1, 0.5, 2 or 10 mg/kg). This dosing scenario is more consistent with acute dietary exposures in humans and can be compared with adults exposed via CPF gavage in corn oil. Females in the dietary group were given CPF-supplemented diet at the start of the dark cycle for 12 h, and the amount of feed consumed was measured. Females were terminated at the time-of-peak ChE inhibition (8 h after removal of the CPF-containing diets as determined in the pilot study and by PBPK/PD modeling). Test material intake (mg/kg body weight/day) was calculated for the 12 h dietary exposures.
Phase 4: definitive repeat-dose study
ChE inhibition in plasma, RBCs and brain was examined in preweanling (male and female) and adult female rats after repeated gavage exposures (11 days) to CPF or CPFO in corn oil ( Table 1) . The experimental design used litters with all male or all female pups, and assigned pups within each litter to a CPF-or CPFO-exposure group. PND 11 male and female pups (8/sex/dose) and adult female rats (8/dose) were given daily gavage doses of CPF in corn oil at doses of 0, 0.05, 0.1, 0.5, 1, 3.5 mg/kg/day or CPFO in corn oil at doses of 0, 0.01 or 0.5 mg/kg/day for 11 days. CPF doses were selected to produce substantial brain ChE inhibition at the highest dose level. CPFO, which had only two treatment groups per age, was designed to include a high dose that caused RBC ChE inhibition, because brain inhibition was not seen with CPFO exposure. Pups and adults received daily clinical observations on PND 11-19 and 21 for pups and approximately 70-78 and 80 days of age for adults. A functional observational battery (FOB) was conducted at the approximate time-of-peak inhibition on PND 20 (preweanlings) or at $79 days of age (adults) to determine whether signs of cholinergic toxicity were present. The FOB, which was conducted according to previously described procedures (Mattsson et al., 1986 (Mattsson et al., , 1997 , included cage-side, hand-held and open-field observations, and measurements of body weight, rectal temperature, fore-and hindlimb grip performance, and motor activity. The FOB was conducted by an observer who was blind to the treatment status of the animal. The same observer was used for all rats. Adult and immature rats were euthanized at 80 and 21 days of age, respectively. Samples (blood and brain) were collected at the timeof-peak ChE inhibition determined in the acute study (6 h and 8 h after the last dose of CPF in pups and adults, respectively, and 4 h after the last dose of CPFO). In addition, an aliquot of the terminal blood sample was used to determine internal dosimetry for CPF, CPFO and/or TCP.
Sample collection
Rats were anesthetized with isoflurane. Blood samples were collected from the inferior vena cava (adults) or by heart nick with blood collection into capillary tubes (pups). Rats were euthanized by exsanguination followed by decapitation. An aliquot of blood (4/dose) was analyzed for CPF, CPFO, and TCP using analytical methods described in Brzak et al. (1998) and Mattsson et al. (2000) . Remaining blood samples were placed into heparinized tubes and kept on ice. Brain tissue also was collected from each rat, weighed and quick frozen in liquid nitrogen. Blood was centrifuged to separate plasma and packed RBCs. RBCs were diluted in 1% Triton X-100. Samples were stored frozen (À80°C) until shipped on dry ice to WIL Research Laboratories LLC (Ashland, OH) for analysis of ChE activity using a modified Ellman method (Ellman et al., 1961; Hunter et al., 1997) . Frozen brain samples were diluted in 10 volumes of 1% Triton X-100 (based on brain weight), immediately homogenized, centrifuged, and analyzed for ChE activity.
Statistics
ChE activity was analyzed separately for adults, male and female pups to determine whether a significant, dose-related difference in ChE inhibition exists. These analyses involved a one-way analysis of variance (ANOVA) using dose as a factor. Descriptive statistics (mean and standard deviation) were reported for blood levels of CPF, CPFO and TCP. Statistical analyses were conducted on body weights (collected at FOB time points), grip performance, rectal temperature, motor activity and FOB observations, with analyses being conducted separately for each age, sex and test material. These analyses are described in Supplemental data 2.
Results
Phase 1: range-finding study
Adult females were exposed to 0, 5, 10 or 20 mg/kg CPF or 1, 5 or 10 mg/kg CPFO to identify dose levels that produced marked inhibition of brain ChE without maximum inhibition of RBC ChE activity. Samples were collected at 5 h post-dosing. The high dose level (20 mg/kg CPF) produced 75% brain ChE inhibition, with >99% inhibition of RBC ChE activity (Table 2) . At 10 mg/kg CPF, brain and RBC ChE activity were decreased by 38% and 90%, respectively. The highest dose of CPFO (10 mg/kg) produced >99% RBC ChE inhibition, but did not alter brain ChE activity in adult female rats. The lowest CPFO dose (1 mg/kg) decreased RBC ChE activity by 95%. Based on these data, 0 and 10 mg/kg CPF and 0 and 0.3 mg/kg CPFO were selected for the time-of-peak inhibition studies in adults. Dose levels in the time-of-peak inhibition studies in PND 11 pups were adjusted to 0 and 3 mg/kg CPF and 0 and 0.5 mg/kg CPFO based on the magnitude of ChE inhibition seen in adult female rats.
Phase 2: time-of-peak inhibition studies
Studies were conducted to determine the time-of-peak inhibition for RBC, brain and plasma ChE in pups and adults using the different acute dosing scenarios. Time-of-peak inhibition for brain ChE was used for subsequent experiments. For PND 11 pups, the times-to-peak inhibition were 6 h post-dosing for CPF in corn oil, 4 h post-dosing for CPFO in corn oil and 8 h post-dosing for CPF in milk. For adult female rats, the times-to peak inhibition were 8 h post-dosing for CPF in corn oil, 4 h post-dosing for CPFO in corn oil, and 8 h post-exposure for CPF in diet (i.e., after conclusion of the 12-h dietary exposure to CPF-containing diet). Using the PBPK/PD model, the time-of-peak brain ChE inhibition was shown to be similar across dose levels within each age group; therefore, the same sample collection times could be used. The results of the time-of-peak inhibition studies and subsequent modeling appear in Supplemental data 1.
Phase 3: definitive acute dose-response study
The definitive acute comparative ChE study examined age-related differential sensitivity across multiple dose levels of CPF or CPFO after a single exposure. Samples were collected at the timeof-peak ChE inhibition. Blood levels of CPF, CPFO and TCP also were determined at these time points. There were no treatment-related clinical observations during any phase of the acute studies.
(a) CPF in corn oil: data for ChE activity measured in PND 11 male and female CD rat pups (8/sex/dose; 0.05-5 mg/kg sampled 6 h post-dosing) and adult female CD rats (8/dose; 0.05-10 mg/ kg sampled 8 h post-dosing) exposed to a single gavage dose of CPF (corn oil vehicle) are shown in Table 3 . At both ages, the highest dose level was designed to provide an anchoring point for the dose-response curve, causing consistent, measurable brain ChE inhibition. There were no discernable gender differences in ChE activity in male or female PND 11 pups in response to CPF treatment. At the highest dose of CPF (5 mg/kg in PND 11 pups and 10 mg/kg in adults), both pups and adults had significant and comparable decreases in brain ChE activity (42.5-49% of control brain ChE). Brain ChE was not inhibited in pups or adults at 2.0 mg/kg CPF. Both ages also showed significant RBC and plasma ChE inhibition at doses P2 mg/kg. The 0.5 mg/kg CPF dose was considered a no-observed-effect-level (NOEL) for ChE inhibition across all tissues in both age groups with acute exposure.
Figs. 1A and 2A show blood levels of CPF and CPFO relative to ChE inhibition across tissues with samples collected at the timeof-peak ChE inhibition. Consistent with the ChE inhibition data, there were no apparent gender-related differences in blood levels of CPF or its metabolites in PND 11 pups; therefore, the figures show mean pup values. In PND 11 pups, CPF and TCP were detectable in blood at all doses of CPF, whereas CPFO was below the level of quantitation (LLQ) at 60.1 mg/kg CPF and only had one value from four samples that was above the LLQ at 0.5 mg/kg CPF (Fig. 1A) . Increases in blood CPF levels were approximately dose proportional at doses 62 mg/kg, whereas at 5 mg/kg, CPF blood levels were 466Â greater than blood levels at 0.05 mg/kg CPF with only a 100Â increase in dose. This may suggest different kinetics at the high dose of 5 mg/kg than at lower dose levels. Furthermore, the [TCP]: [CPF] ratio was lower at 5 mg/kg than 0.05 mg/kg (21 vs. 300, respectively), suggesting that the relative amount of CPF metabolized to TCP is inversely related to CPF dose. This interpretation is consistent with predictions by the PBPK/PD model for CPF (Timchalk et al., 2002) . In adult females, blood CPF was detectable at doses P0.5 mg/kg and TCP was detectable at all dose levels in adult females; whereas CPFO was at or below the LLQ at all doses of CPF ( Fig. 2A ). It was difficult to fully evaluate dose proportionality (i.e., [TCP] :[CPF] ratio) in adult females with so few data points for CPF, but TCP levels were approximately dose proportional.
When comparing TK data with ChE inhibition data, it is important to note that samples were collected at 6 h post-dosing in PND 11 pups compared with 8 h post-dosing in adults. Furthermore, the time-of-peak ChE inhibition may not correspond with the time-ofpeak blood levels of CPF or its metabolites, particularly given the slow recovery of ChE activity. The peak metabolite levels may occur earlier than the sampling times chosen for ChE measurements. However, these TK data were collected to aid in current understanding of metabolite ratios between dose levels, vehicle and age. These ratios provide useful information on relative metabolism of CPF between the experimental groups and are useful to refine PB/PK/PD models of chlorpyrifos in the adult and neonatal rat.
The TK data indicate that pups were exposed to higher blood concentrations of CPF than adults at high doses (e.g., at 5 mg/kg, pups had 3Â higher blood CPF levels than adults given 10 mg/ kg). In addition, pups had detectable levels of CPFO at these dose levels (5 vs. 10 mg/kg in adults), whereas pups had lower levels of TCP (67% of adult levels at these doses). At 2 mg/kg, PND 11 pups had 10Â higher levels of blood CPF than adults; however, unlike the profile seen at the high dose, pups also had 2Â higher blood TCP levels than adults, indicating that pups were metabolizing proportionately more CPF at this lower dose. There was no brain inhibition in either pups or adults at 2 mg/kg CPF.
Thus, the overall profile of effects was that pups were more sensitive to ChE inhibition at higher doses of CPF (e.g., 5 mg/kg); however, at lower CPF levels, pups had lower ChE inhibition than adults at comparable blood levels of CPF. There was no evidence of agerelated differential sensitivity to acute CPF exposure over the lower portion of the dose-response curve.
(b) CPF in rat milk to PND 11 pups: data for ChE activity measured in PND 11 male and female CD rat pups (8/sex/dose; 0.05-5 mg/kg sampled 8 h post-dosing) exposed to a single gavage dose of CPF (rat milk vehicle) are shown in Table 4 . Similar to the experiments using corn oil vehicle, there were no discernable gender differences in ChE activity in male or female PND 11 pups in response to CPF Table 3 ChE inhibition in PND 11 pups and adult females following an acute dose of CPF in corn oil. U/L, international units/L. a n = 7 in the male pup plasma control group and the female pup plasma 2.0 mg/kg dose group. * Significantly different from controls at alpha = 0.05 using Dunnett's test when raw ChE data were analyzed (Treatment-related effects in bold text).
treatment. ChE inhibition across tissues was comparable in PND 11 pups using either milk or corn oil vehicle. At 5 mg/kg CPF, brain ChE was inhibited to approximately 47% of control in corn oil compared with 51% of control in rat milk. As with corn oil, brain ChE was not inhibited at 2.0 mg/kg CPF in milk. Similarly, RBC and plasma ChE at 2.0 mg/kg CPF were inhibited to approximately 67% and 51% of control values using corn oil vehicle compared with 72% and 59% of control values using milk vehicle. There were no significant effects in ChE values at 0.5 mg/kg, which was the NOEL for ChE inhibition across all tissues regardless of vehicle. Mean RBC, brain and plasma ChE inhibition relative to mean blood CPF, CPFO and TCP levels in PND 11 pups following acute gavage exposure at multiple dose levels to CPF in corn oil vehicle (A; sampled at 6 h post-dosing), milk vehicle (B; sampled at 8 h post-dosing), or CPFO in corn oil vehicle (C; sampled at 4 h post-dosing). Data show mean values of combined male and female pup data as there were no gender-related differences in either ChE inhibition or blood CPF/CPFO levels. (n = 7-8 pups/sex/dose level for ChE measurements; n = 4 pups/dose level for determination of blood CPF, CPFO and TCP levels).
ChE inhibition. Consistent with the ChE inhibition data, there were no apparent gender-related differences in blood levels of CPF or its metabolites in PND 11 pups; therefore, the figure shows mean pup values. At the time-of-peak inhibition, the blood CPF and CPFO levels, as well as the magnitude of ChE inhibition across tissues, were similar with both milk and corn oil vehicles. As with CPF in corn oil, CPF and TCP were detectable in blood at all doses of CPF in rat milk, whereas CPFO was below the LLQ at 60.5 mg/kg CPF (vs. the 0.1 mg/kg dose with CPF in corn oil) and only had one value from four samples that was above the LLQ at 2.0 mg/kg CPF. Increases in blood CPF levels were approximately dose proportional at doses 62 mg/kg, whereas at 5 mg/kg, CPF blood levels were 165Â greater than blood levels at 0.05 mg/kg CPF with only a 100Â increase in dose. This value was not as great as the 466Â differential seen with CPF in corn oil; however, there may have been an impact of collecting samples 2 h later with CPF in milk (8 h postdosing vs. 6 h with corn oil). Again, these data suggest different kinetics at the high dose of 5 mg/kg than lower dose levels, regardless of milk or corn oil vehicle. Furthermore, the [TCP]/[CPF] ratio was lower at 5 mg/kg than 0.05 mg/kg (32 vs. 95, respectively), again suggesting that the relative amount of CPF metabolized to TCP was decreased when the CPF dose reached 5 mg/kg in milk. This interpretation is consistent with predictions by the PBPK/PD model for CPF.
At the time-of-peak inhibition, blood CPF and CPFO levels, as well as the magnitude of ChE inhibition across tissues, were similar with both milk and corn oil vehicles. Thus, PND 11 pups appeared to be equally sensitive to ChE inhibition following acute CPF exposure in either corn oil or rat milk vehicle.
(c) CPF in diet to adult females: data for ChE activity measured in adult female rats (8/sex/dose; 0.05-10 mg/kg) exposed for 12-h to dietary CPF are shown in Table 5 . The dietary route was included as it was considered a more relevant dosing scenario. Based on body weights and feed consumption over the 12-h period, dietary test material intake for these females was 0.05, 0.10, 0.53, 2.06, or 9.59 mg/kg for the nominal doses of 0, 0.05, 0.1, 0.5, 2 or 10 mg/ kg. Samples were collected at 8 h post-dosing as determined by a limited probe study (data in Supplemental data 1) and modeled using the existing PBPK/PD model. Results of these experiments are shown in Table 5 . With a 12 h dietary exposure to CPF, adult females exhibited significant brain ChE inhibition at the same concentration as CPF given via gavage in corn oil (10 mg/kg); however, the magnitude of brain ChE inhibition was less by the dietary route (76.3% of control values compared with 42.5% of control in the oral gavage group). Similar to corn oil gavage, brain ChE was not inhibited at dietary doses 62 mg/kg CPF. Conversely, RBC ChE activity appeared to be slightly more sensitive to dietary ChE with inhibition to 47.7% of control values at 2 mg/kg CPF (compared with 80.6% of control with gavage exposure at this dose). Again, RBC ChE was not inhibited at dietary doses 60.5 mg/kg CPF as was seen with gavage dosing. Plasma ChE showed a similar response to RBC ChE activity with similar sensitivity via the dietary and gavage routes. As with corn oil gavage, 0.5 mg/kg CPF was the NOEL for ChE inhibition across all tissues. Fig. 2B shows blood levels of CPF and CPFO relative to ChE inhibition across tissues with samples collected at the time-of-peak ChE inhibition. At the time-of-peak inhibition, the blood CPF and CPFO levels, as well as the magnitude of ChE inhibition across tissues, were different from the curves seen with corn oil vehicle. At 8 h post-exposure, blood CPF was >LLQ in all animals at 10 mg/kg and in one of four animals at 2 mg/kg and CPFO was below the LLQ in all samples, making the TK data somewhat limited for these analytes. However, TCP was detectable at all doses of CPF and increased in a dose-proportional manner. With only limited determinations, [TCP]:[CPF] ratio was similar to other dosing scenarios with a decrease in the proportion of CPF metabolized to Table 4 ChE inhibition in PND 11 pups following an acute dose of CPF in rat milk. Table 5 ChE inhibition in adult females following an acute 12-h exposure to CPF in the diet. TCP at the highest dose (10 mg/kg). Furthermore, blood CPF and TCP levels were 7.4Â and 2.4Â lower, respectively, by the dietary route than via corn oil gavage. This result suggests that dose rate impacts blood levels of CPF and its metabolites and subsequently, the magnitude of brain ChE inhibition. While plasma ChE was similarly inhibited by both corn oil gavage and diet, RBC ChE was more inhibited by the dietary route at 2 mg/kg (47.7% compared with 80.6% by gavage), despite having approximately 10Â and 2.3Â lower blood levels of CPF and TCP, respectively. Thus, dose rate impacts blood levels of CPF and its metabolites and shifts the amount of ChE inhibition across tissues.
(d) CPFO in corn oil: data for ChE activity measured in PND 11 male and female CD rat pups (8/sex/dose; 0.005-1 mg/kg sampled 4 h post-dosing) and adult female CD rats (8/dose; 0.005-1 mg/kg sampled 4 h post-dosing) exposed to a single gavage dose of CPFO (corn oil vehicle) are shown in Table 6 . At both ages, the highest dose level was designed to provide an anchoring point for the dose-response curve, causing consistent, measurable RBC ChE inhibition. There were no discernable gender differences in ChE activity in male or female PND 11 pups in response to CPFO treatment. There was no significant inhibition of brain ChE in either pups or adults at any dose level of CPFO. This result was consistent with results seen in the range-finding study with adult rats, in which no brain inhibition was seen at 10 mg/kg CPFO in corn oil, despite near complete inhibition of RBC ChE (Table 2 ). RBC ChE inhibition was seen at the same dose level (0.5 mg/kg) in PND 11 pups and adults (approximately 53% and 63% of control RBC ChE in pups and adults, respectively); however, PND 11 pups exhibited significant plasma ChE inhibition at a slightly lower dose than adults (0.1 mg/kg, where pup plasma ChE was approximately 80.5% of control compared with 99% in adult females).
Figs. 1C and 2C show blood levels of CPFO relative to ChE inhibition across tissues with samples collected at the time-of-peak ChE inhibition. Consistent with the ChE inhibition data, there were no apparent gender-related differences in blood levels of CPFO in PND 11 pups; therefore, the figures show mean pup values. Plasma ChE inhibition in pups at 0.1 mg/kg CPFO may be related to higher CPFO blood levels as suggested by the 1.6Â higher blood TCP levels in pups at this dose level (CPFO was below the LLQ in pups and adults). In adults, CPFO was below the LLQ at all dose levels, whereas TCP was detectable at all doses of CPFO. In both pups and adults, blood TCP levels increased in a dose-related fashion, although the increase was lower than dose proportional in PND 11 pups at CPFO doses P0.05 mg/kg (i.e., with a 100Â increase in CPFO dose from 0.005 to 0.5 mg/kg, TCP levels increased only 23Â) and at or slightly greater than dose proportional in adults.
With samples collected at the same time post-dosing (4 h), pups and adults had similar levels of ChE inhibition in RBCs and plasma at 0.5 mg/kg CPFO, although pups had 1.7Â higher levels of blood TCP. At 0.1 mg/kg CPFO, neither pups nor adults had significant inhibition of RBC ChE, but pups had significant inhibition of plasma ChE. Pup blood TCP was again 1.6Â higher than blood TCP levels in adults; thus, it was possible that higher CPFO dosimetry in pups explained this difference. At 0.05 mg/kg CPFO, pups had similar levels of TCP as adults at 0.1 mg/kg CPFO. At this internal dose, there was no inhibition of ChE in any tissue. Brain ChE was not inhibited at any dose of CPFO in either pups or adults when the highest oxon dose (0.5 mg/kg) yielded TCP levels of 387.5 ng/g and 724.8 ng/g, respectively.
Thus, the 0.1 mg/kg CPFO dose was considered a NOEL for ChE inhibition in RBC in PND 11 pups and a NOEL in both RBC and plasma for adult females with acute exposure. Due to plasma ChE inhibition at 0.1 mg/kg CPFO, 0.05 mg/kg CPFO was the NOEL across all tissues in PND 11 pups with acute CPFO exposure.
Phase 4: definitive repeat-dose study
The definitive repeat-dose study examined age-related differential sensitivity across multiple dose levels of CPF or CPFO after 11 daily doses administered by gavage. Blood levels of CPF, CPFO and TCP also were determined in terminal samples collected at the time-of-peak inhibition determined in the acute studies.
(a) CPF in corn oil: in the repeated dose study, there were no treatment-related clinical observations in male or female rat pups (8/sex/dose; dosed PND 11-21) or adult female rats (8/dose; dosed PND 70-80) following exposure to eleven daily gavage doses (corn oil vehicle) of 0, 0.05, 0.1, 0.5, 1, or 3.5 mg/kg/day CPF (data not shown). Neither pup nor adult female body weights were affected Table 6 ChE inhibition in PND 11 pups and adult females following an acute dose of CPFO in corn oil. by repeated CPF exposure (data not shown except FOB body weights in Supplemental data 2). There were no treatment-related effects on neurobehavioral endpoints, which included a FOB and motor activity, evaluated at the time-of-peak ChE inhibition after the 10th dose of CPF (Supplemental data 2). Data for ChE activity measured in PND 21 male and female rat pups and 80-day-old female rats exposed to various doses of CPF for eleven days are shown in Table 7 . At both ages, the highest dose levels were designed to provide an anchoring point for the doseresponse curves, causing consistent, measurable brain ChE inhibition. Samples for ChE inhibition were collected at the time-of-peak inhibition determined in the acute studies -6 h post-dosing for the pups and 8 h post-dosing in the adults. At the high dose of CPF (3.5 mg/kg/day), pups had similar ChE inhibition to adults across all tissues. At 1 mg/kg/day, ChE was significantly decreased in both pups and adults across all tissues, although adult brain ChE activity was 91.1% of control, a change that was not considered biologically meaningful. At 0.5 mg/kg/day, there was no significant brain ChE inhibition in either adults or pups, but both age groups had significant decreases in RBC ChE activity and plasma ChE activity with no apparent difference in sensitivity. RBC ChE was significantly decreased in adults at 0.1 mg/kg/day, but this result was considered spurious because plasma ChE, which has similar or greater sensitivity to ChE inhibition by CPF (Lotti, 1995; Garabrant et al., 2009; UE EPA, 2008; Timchalk et al., 2006) was not inhibited at this dose. Thus, for a given CPF dose level, pups were equally sensitive to plasma ChE inhibition as adults. The 0.1 mg/kg/day CPF dose was considered a no-observed-effect-level (NOEL) for ChE inhibition across all tissues in both age groups with repeated exposure. Fig. 3 shows blood levels of CPF and CPFO relative to ChE inhibition across tissues with samples collected at the time-of-peak ChE inhibition as determined in the acute CPF experiments. In PND 21 pups, CPF and TCP were detected in blood at all doses of CPF, whereas CPFO was below the LLQ (Fig. 3A) . Overall, there were dose proportional increases in blood CPF and TCP levels; that is, as the doses increased from 0.05 to 3.5 (70Â from low to high dose), blood CPF and TCP levels increased approximately 74Â and 82Â, respectively. There was no consistent pattern in the ratio of blood [TCP] : [CPF] across dose groups. For adults, CPF was detected in blood samples at doses P0.5 mg/kg/day CPF, whereas CPFO was below the LLQ at all doses (Fig. 3B) . TCP was detected in blood at all dose levels. There was a dose proportional increase in blood TCP levels; that is, as the doses increased from 0.05 to 3.5 (70Â from low to high dose), blood TCP levels increased 78Â. With limited data on CPF levels in blood, a pattern in the ratio of blood [TCP] : [CPF] could not be evaluated.
Blood levels of CPF and its metabolites facilitated interpretation of repeat-dose data. For example, at 0.5-1.0 mg/kg/day CPF, male pup RBC ChE was 63.2% and 38.7% of control compared with 81.8% and 56.0% of control in female pups at these dose levels. Based on blood values, there were no clear gender-related differences in CPF and TCP levels to support a differential sensitivity of male vs. female RBC ChE activity. Furthermore, plasma ChE inhibition was similar in both sexes at these doses. Therefore, it was concluded that this apparent gender-related difference in RBC ChE sensitivity was spurious. Gender-related differences in sensitivity were not seen in preweanling rats in other CPF studies (e.g., . As with the acute studies, pups had lower ChE inhibition across tissues at comparable CPF blood levels (e.g., approximately 27% RBC and plasma ChE inhibition and 2% brain ChE inhibition with CPF blood levels of 0.60 ng/g in pups compared with 71% RBC and plasma ChE inhibition and 9% brain ChE inhibition with 0.54 ng/g blood CPF in adults). The later sampling time in adults (8 h vs. 6 h in pups), coupled with a somewhat higher metabolic rate in adults, may have resulted in comparable blood levels. At 1 mg/kg/day, it appeared that RBC and plasma were less affected in pups, whereas brain was more affected; however, the magnitude of the brain ChE inhibition in pups was consistent with other brain ChE results for these blood CPF levels (i.e., mean pup blood CPF was 1.69 ng/g with 76% of control brain ChE activity; these values were between the blood CPF levels (0.54 and 2.21 ng/g, respectively) and brain ChE activity (91.1 and 31% of control, respectively) in adults given 1 or 3.5 mg/kg/day CPF, respectively). At 0.5 mg/kg/day, there was no significant brain ChE inhibition in either adults or Table 7 ChE Inhibition in PND 21 pups and adult ($PND 80) females following repeated doses of CPF in corn oil. U/L, international units/L. a n = 7 adult females in the 0.05 mg/kg/day dose group. * Significantly different from controls at alpha = 0.05 using Dunnett's test when raw ChE data were analyzed (treatment-related effects in bold text).
pups. Both age groups had significant decreases in RBC and plasma ChE activity with no apparent difference in sensitivity, despite a 4.6Â higher blood CPF level in pups. Interestingly, the pup blood CPF level at 0.5 mg/kg/day was similar to blood levels in adults given 1 mg/kg/day CPF, a dose at which significant ChE inhibition was seen in all tissues in the adults. Thus, for a given blood CPF level, pups were equally or less sensitive to ChE inhibition as adults. As chlorpyrifos doses decrease below 1 mg/kg/day, there was no evidence of increased sensitivity in pups to CPF-induced ChE inhibition. At 0.1 mg/kg/day, CPF and CPFO were below the LLQ and TCP values were similar in adults and pups at 0.1 mg/kg/day, supporting the concept that pups would not be more sensitive to CPF at lower dose levels.
(b) CPFO in corn oil: in the repeat dose study, there were no treatment-related clinical observations in male or female rat pups (8/sex/dose; dosed PND 11-21) or adult female rats (8/dose; dosed PND 70-80) following exposure to eleven daily gavage doses of 0 (corn oil vehicle), 0.01 or 0.5 mg/kg/day CPFO (data not shown). There were no treatment-related effects on body weight and neither pups nor adult females exhibited effects on neurobehavioral endpoints (i.e., FOB and motor activity; Supplemental data 2) evaluated at the time-of-peak ChE inhibition after the 10th CPFO dose (i.e., 4 h post-dosing; Supplemental data 1).
Data for ChE activity measured in PND 21 male and female rat pups and 80-day-old female rats exposed to various doses of CPFO for eleven days are shown in Table 8 . Once again, the high dose was selected to provide consistent, measurable RBC and plasma ChE inhibition. Samples for ChE inhibition were collected at the timeof-peak ChE inhibition determined in the acute studies. In response to repeated CPFO treatment, there was no discernable gender or age-related difference in ChE activity in male or female PND 21 pups or PND 80 adult females. There was no significant inhibition of brain ChE at any doses of CPFO (60.5 mg/kg/day) in either pups or adults. The magnitude of RBC and plasma ChE in pups and adults was similar at 0.5 mg/kg/day CPFO, although adults had 2Â the levels of TCP as pups. ChE was not inhibited in either of these tissues at 0.01 mg/kg/day in either adults or pups. Fig. 4 shows blood levels of CPFO relative to ChE inhibition across tissues with samples collected at 4 h post-dosing. In both pups and adults, TCP was detectable in blood at all doses of CPFO (including two PND 21 control samples, which reflected some variability in detection around the LLQ; data not shown). TCP levels were increased in a dose-related fashion, although the increase was lower than dose proportional in pups (i.e., with a 50Â increase in CPFO dose (0.01 to 0.5 mg/kg/day), TCP levels increased only 20Â) vs. approximately dose proportional in adults (i.e., with a . Mean RBC, brain and plasma ChE inhibition relative to mean blood CPF, CPFO and TCP levels in PND 21 pups (A; sampled at 6 h after the last dose) or adult female rats (B; sampled at 8 h after the last dose) following daily gavage dosing with CPF in corn oil vehicle at multiple dose levels for 11 days. Data show mean values of combined male and female pup data as there were no gender-related differences in either ChE inhibition or blood CPF/CPFO levels. (n = 8 pups/sex/dose level or 7-8 adult females/dose level for ChE measurements; n = 4 pups or 4 adults in each dose group for determination of blood CPF, CPFO and TCP levels except for 3 pups in the control group and 3 adults in the 0.05 mg/kg/day group).
50Â increase in CPFO dose, TCP levels increased 62Â). Thus, adults had higher levels of TCP than pups at 0.5 mg/kg/day CPFO, whereas pups had 1.5Â TCP blood levels compared with adults at the lower dose level of CPFO. Table 8 ChE inhibition in PND 21 pups and adult ($PND 80) females following repeated doses of CPFO in corn oil. U/L, international units/L. a n = 7 male pups in the 0.5 mg/kg/day dose group * Significantly different from controls at alpha = 0.05 using Dunnett's test when raw ChE data were analyzed (treatment-related effects in bold text). . Mean RBC, brain and plasma ChE inhibition relative to mean blood CPFO and TCP levels in PND 21 pups (A; sampled 4 h after the last dose) or adult female rats (B; sampled 4 h after the last dose) following daily gavage dosing with CPFO in corn oil vehicle at two dose levels for 11 days. Data show mean values of combined male and female pup data as there were no gender-related differences in either ChE inhibition or blood CPFO levels. (n = 7-8 pups/sex/dose level or 8 adult females/dose level for ChE measurements; n = 4 pups or 4 adults in each dose group for determination of blood CPFO and TCP levels except for 3 pups in the control group).
Pup
In conclusion, brain ChE was not altered at either dose of CPFO; thus, the 0.01 mg/kg/day CPFO dose was considered a no-observed-effect-level (NOEL) for ChE inhibition across all tissues in both age groups with repeated exposure.
Discussion
This comparative cholinesterase study was designed to examine whether there were age-related differences in sensitivity to ChE inhibition following CPF exposure. The effects of acute CPF exposure in PND 11 pups compared with adults showed that there were dose-dependent differences in sensitivity at high doses (i.e., 5 mg/ kg in corn oil), where pups were more sensitive than adults. At lower dose levels, pups and adults showed significant plasma and RBC or brain ChE inhibition at the same dose levels. When using rat milk as an alternate vehicle to simulate lactational exposures, ChE inhibition in PND 11 pups was similar to levels achieved when administering CPF in corn oil. In adults, acute CPF exposure by gavage (corn oil vehicle) or using a alternate dosing scenario (i.e., 12-h dietary exposure in adult females) showed that dose rate affects the relative magnitude of ChE inhibition across tissues, because ChE inhibition was greater in RBC, but less in brain, with dietary exposures. With 11 daily exposures to CPF (corn oil vehicle), both pups and adults showed similar sensitivity to ChE inhibition across tissues. Brain ChE was not inhibited in either adults or pups at any dose of CPFO tested, despite similar sensitivity at ages to CPFO inhibition of RBC and plasma ChE. Together, these data indicate that young animals are not more sensitive than adults to CPFor CPFO-induced ChE inhibition across the lower portion of the dose-response curves.
PND 11 pups were selected as the comparison group for adult females in this study based on EPA guidance for comparative cholinesterase studies. Across species, brain development follows predetermined developmental patterns; however, the timing of these developmental stages relative to birth varies. Consequently, the degree of functional maturity of the nervous system also varies at birth. There is ample data to support the concept that compared to humans, rats are altricial (i.e., born less mature) with respect to neurodevelopment. Using morphometric measurements and neurogenesis in different brain regions, Bayer et al. (1993) concluded that the full-term human brain at birth was approximately equal to a PND 14-21 rat brain. Similar conclusions also have been expressed by others (Vidair, 2004; Clancy et al., 2007) . Data suggest that the blood-brain barrier (BBB) in humans is more developed at birth than the BBB in neonatal rats (Adinolfi and Haddad, 1977; Bonati et al., 1981) . Thus, PND 11 rat pups represent an appropriately conservative model to examine potential effects in human infants.
When examining control animals from the acute phase of the comparative ChE study, adults had greater brain and plasma ChE activity, whereas pups had greater RBC ChE activity. In the repeat-dose study, when pups were euthanized on PND 21, brain ChE activity in the control group was approximately 80% higher than levels in PND 11 control pups. This was consistent with previous reports Timchalk et al., 2006) that have demonstrated increases in brain ChE as rats mature. There was no apparent maturational pattern for RBC and plasma ChE activity, which were approximately similar at both PND 11 and 21. Timchalk et al. (2006) reported that RBC ChE enzyme activity increased between PND 5 and 12, then decreased slightly on PND 17, whereas plasma ChE activity was relatively stable across ages.
With acute exposures in corn oil, the relative sensitivity of adults compared with pups was dose dependent. At high dose levels, PND 11 pups were more sensitive to CPF-induced ChE inhibition because 5 mg/kg CPF induced similar levels of plasma, RBC and brain ChE inhibition as 10 mg/kg in adults. However, at lower doses of CPF, the dose-response curves for adults and immature rats intersected (see Figure S-21; Supplemental data 1), such that 2 mg/kg did not cause significant brain ChE inhibition in either adults or pups, but caused significant RBC and plasma ChE in both age groups. As reported previously (US EPA, 2011), significant RBC and plasma ChE inhibition occurred at lower dose levels than brain ChE inhibition in both PND 11 pups and adults. The NOEL for ChE inhibition across all tissues (0.5 mg/kg) was the same for both adults and pups. There was no significant difference in sensitivity to ChE inhibition between male and female PND 11 pups, consistent with other reports in preweanling animals (e.g., . Thus, at lower doses, adult female rats and PND 11 rat pups exhibited similar sensitivity across all tissues, although pups had higher blood levels of CPF at all dose levels.
The enhanced sensitivity of pups to acute CPF exposure at higher dose levels has been reported previously (e.g., at doses >5 mg/kg) and was partially attributed to the lower metabolic capacity in younger animals (Timchalk et al., 2006) . There is evidence that pups metabolize high doses of CPF more slowly than adults. When examining [TCP]/[CPF] ratios across studies, which is an indicator of metabolic capacity of an animal, it appears that this ratio is $50 in PND 5 pups at 6 h after dosing 1 mg/kg CPF in corn oil (Marty et al., 2007) , 102-170 in PND 11 pups at 6 h after dosing with 0.5-2 mg/kg CPF in corn oil and $449-810 in adult females at 8 h after dosing 0.5-2 mg/kg CPF in corn oil. These data show greater metabolic capacity was present in adults; however, TCP formation was favored in the older age groups as blood TCP concentrations exceeded parent CPF by a factor of 100-fold or greater by PND 11, consistent with the findings of Timchalk et al. (2006) .
The production of CPFO depends on the rate of hepatic activation of CPF and inactivation of CPFO by cytochrome P450 monooxygenases (Ma and Chambers, 1994; Sultatos, 1994; Sultatos et al., 1984) . CPF is extensively metabolized into water soluble metabolites, which prevents the accumulation of CPF or its metabolites (US EPA, 2011). Other pathways involved in CPFO inactivation include interactions with esterases other than AChE (e.g., butyrylcholinesterases, which is hypothesized to scavenge CPFO to prevents its interaction with peripheral target sites ; Maxwell 1992a,b; US EPA, 2011) or binding to B-esterases (e.g., carboxylesterases), both of which decrease the amount of CPFO available to interact with the target site (AChE). In addition, hydrolysis of the oxon by Aesterases (i.e., PON-1; CPF-oxonase; Behnke and Murphy, 1975; Costa et al., 1990) leads to the formation of TCP and diethylphosphate, which do not inhibit AChE. Data indicate that these detoxification pathways continue to mature postnatally in rats and the maturation of these systems parallels decreases in sensitivity to high-dose, acute CPF exposure (Mortensen et al., 1996; Atterberry et al., 1997; Maxwell, 1992a,b; Chand et al., 1997; Morgan et al., 1994) . showed that preweanling rats have lower levels of both liver and plasma carboxylesterases and A-esterase activity than adults, which correlates with the gradual decrease in sensitivity as rats mature. However, in humans, available data indicate that liver carboxylesterase activity does not differ between infants and adults as activity appears to change relatively little during postnatal maturation (Pope et al., 2005) . Furthermore, Smith et al. (2011) found no age-related differences in CPF metabolism in vitro using hepatic microsomes isolated from humans at 13 days to 75 years old, whereas age-dependent increases in CPFO esterase metabolism in human plasma (3 days to 46 years) were reported.
Levels of ChE inhibition following acute ChE exposure in the current study were generally consistent with previously published studies in immature animals, although this study included multiple dose levels at the lower portion of the dose response curve (i.e., <1 mg/kg). In the study by Timchalk et al. (2006) , RBC and plasma inhibition were seen in PND 5 and 12 pups at 1 mg/kg CPF in corn oil. This is consistent with the current study, where inhibition was seen in these tissues at 2 mg/kg, but was not seen at 0.5 mg/kg in PND 11 pups. Zheng et al. (2000) reported a decrease in plasma and RBC ChE at doses of 0.45 and 1.5 mg/kg CPF, respectively, in PND 7 pups. The reason for this difference in plasma ChE inhibition may be related to differences in study designs, sampling times, or ages of the pups from which ChE activity was measured. In the current study, there were no effects on brain ChE activity at 2 mg/kg on PND 11, which was consistent with Timchalk et al. (2006) , who reported no effects on brain ChE activity at 1 mg/kg in PND 12 pups. Overall, when considering dose and pup age, the levels of ChE inhibition across tissues in this study were consistent with the existing scientific literature.
The variability in ChE measurements in the current study were consistent with variability reported in other studies, giving the current study a similar level of sensitivity to previous work. Coefficients of variation (CVs) for control ChE values appear in Supplemental data 3. In the acute dose-response studies (n = 8/ sex/dose for pups or n = 8/dose for adult females), RBC CVs ranged from 6.5% to 23.2%, brain CVs ranged from 2.3% to 18.1% and plasma CVs ranged from 7.5% to 37.5%. In the repeat dose studies (n = 8/sex/dose for pups or n = 8/dose for adult females), RBC CVs ranged from 5.6% to 35.0%, brain CVs ranged from 3.5% to 3.8% and plasma CVs ranged from 12.3% to 33.0%. These results were consistent with expectations as brain ChE activity was the least variable of the tissues measured, whereas there was more variability in plasma ChE, which contains mixed activity (i.e., butyryl-and acetyl-cholinesterase). A CV comparison for treated animals was not included as variance was expected to be higher in treated animals due to inter-animal differences, including differences in absorption, distribution, metabolism, and excretion, individual differences in response to treatment (particularly in steeper portions of the dose-response curve), slight differences in dose delivered, etc. The similarity in CVs to other published studies shows that these assays were reasonably sensitive to detect changes in ChE activity when such changes were present.
When using rat milk as an alternative vehicle in PND 11 pups to simulate lactational exposures, ChE inhibition was similar to levels achieved when administering CPF in corn oil. At the time-of-peak inhibition, blood CPF and CPFO levels, as well as the magnitude of ChE inhibition across tissues, were similar with both milk and corn oil vehicles (Fig. 1A and B) . This was unexpected as kinetic data for blood CPF and blood TCP in PND 5 pups (1 mg/kg CPF in corn oil or in milk) showed a similar time to maximal concentration (C max ) for both oil and milk vehicles with a notable increase in blood CPF C max in pups dosed with corn oil (Marty et al., 2007) . Based on the established PBPK/PD model for CPF in immature rat pups (Timchalk et al., 2002 (Timchalk et al., , 2006 , the peak for pup blood levels of CPF after administration in rat milk was 5-7 h. Given the slow recovery of ChE activity, the ChE inhibition was comparable even with different time points examined (6 vs. 8 h post-dosing). In their recent assessment, the US EPA determined that RBC ChE inhibition in PND 11 pups exposed acutely to CPF in milk had the lowest oral point of departure in the CPF database (US EPA, 2011).
When using an acute 12-h dietary exposure in adults to simulate CPF exposures in the diet over a day, dose rate apparently impacted the relative magnitude of tissue ChE inhibition. The slower dose rate likely allowed more time for detoxification pathways, such that less CPF was available to interact with brain ChE. Data from these studies have shown that CPFO at <10 mg/kg did not inhibit brain ChE activity in adult females. Therefore, it is possible that the slower dose rate allowed greater opportunity for P450 metabolism and/or interaction of CPFO with carboxylesterases or other ChEs (e.g., butyrylcholinesterase) so that less CPFO was available to interact with brain ChE. Timchalk et al. (2006) reported that differences in tissue dosimetry (higher oxon AUC in blood relative to brain) contribute to enhanced sensitivity of blood relative to brain ChE. This seems plausible as RBC ChE showed greater inhibition with dietary CPF dosing, although plasma ChE inhibition was the same with both gavage and dietary treatment.
In the current study, there were no signs of cholinergic toxicity detected in either the acute study (clinical observations at 65 mg/ kg in pups or 610 mg/kg in adults) or the repeat-dose study (clinical observations and FOB with motor activity at 63.5 mg/kg/day in both age groups), despite significant brain ChE inhibition ($53-58% in the acute study and 59-69% in the repeat dose study). Moser (2000) reported that PND 17 female rats had a decrease in tail-pinch response at 6.5 h post-dosing with 4 mg/kg CPF, whereas males were not affected at this dose level. At a higher CPF dose (i.e.,10 mg/kg) than those given to pups in the current study, Moser (2000) observed alterations in numerous neurobehavioral endpoints in both male and female PND 17 pups including altered gait/ataxia, decreased arousal state, tail-pinch response (males), tremors, smacking (males) and lacrimation (females). In adults, decreased motor activity (total counts) was the most sensitive endpoint with decreases in males noted at 3.5 h post-dosing with 10 mg/kg, whereas both males and females were affected at 50 mg/kg, along with other cholinergic signs of toxicity (Moser, 2000) . In a separate study , PND 17 female rats with a 50-60% decrease in brain ChE activity following acute exposure to 5 mg/kg CPF showed decreased open-field arousal, and in adult males, there was a correlation between a 40-50% decrease in brain ChE activity and decreased motor activity at 20 mg/kg CPF. Numerous factors may have contributed to differences in neurobehavioral effects in the previous studies by Moser et al. and the current study, including differences in dose levels (generally lower in the present study), developmental stage, neurobehavioral methods, or possibly receptor down regulation, which has been proposed to account for recovery of neurobehavioral performance (Bignami et al., 1975; Nostrandt et al., 1997; . Perhaps the gender-related differences in sensitivity to neurobehavioral effects in the Moser studies, in the presence of similar brain ChE inhibition in both sexes, indicate that these effects occurred near the threshold for neurobehavioral alterations, which could vary slightly across studies.
With repeated exposures, adults and PND 11 pups were similar in sensitivity to ChE inhibition by CPF. Significant brain ChE inhibition was seen in both adults and pups at 1.0 mg/kg/day CPF, whereas significant plasma and RBC inhibition occurred in both age groups at 0.5 mg/kg/day. In 2008, the US EPA Science Advisory Panel (2008) hypothesized that young animals might be less sensitive to repeated CPF exposure due to decreased levels of enzymes converting CPF to CPFO and/or a more rapid increase in AChE activity in tissues of young animals, likely due to increased rates of protein synthesis (e.g., Chakraborti et al., 1993; Liu et al., 1999) . The current study verified that pups achieve higher blood levels of CPF for a given dose, presumably due to slower metabolism to TCP. Based on administered dose, these immature animals showed similar sensitivity to CPF-induced ChE inhibition as adults; however, based on blood levels, pups showed lower sensitivity to CPF-induced ChE inhibition. A recent physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model using human CYP-specific kinetic parameters and age-based differences in hepatic CYP content predicted that 1 year-olds would be less sensitive than 19-year olds to CPF-induced butyryl-and acetyl-ChE inhibition, although age-related differences in PON-1 levels and microsomal liver content are needed to refine the model (Foxenberg et al., 2011) .
In adult females, there was significant inhibition of RBC ChE activity at 0.1 mg/kg/day in the repeat-dose study, which was deemed incidental as plasma ChE was not significantly altered at this dose level. Plasma ChE has similar or greater sensitivity than RBC to inhibition by CPF (Lotti, 1995; Garabrant et al., 2009; US EPA, 2008) . Plasma ChE, which is comprised of half butyrylcholinesterase and half AChE (Timchalk et al., 2006) , is more readily inhibited because butyrylcholinesterase is more sensitive to inhibition by CPFO than AChE (Amitai et al., 1998; Kousba et al., 2003; Timchalk et al., 2002) . Across the current data sets, there were a few occurrences when samples collected at the same time showed RBC ChE inhibition that exceeded plasma ChE inhibition; however, this was in a minority of cases and when it occurred, RBC and plasma ChE samples were similar. Thus, the significant inhibition of RBC ChE in adult females at 0.1 mg/kg/day, which occurred in the absence of significant plasma ChE inhibition, was deemed spurious.
Overall, the dose-response for ChE inhibition with repeated CPF exposure in the current study was consistent with three previous studies examining CPF-induced ChE inhibition in rats. In a 90-day repeat-dose dietary CPF study with F344/DuCrl rats, Szabo et al. (1988) reported a significant decrease in RBC and brain cholinesterase activities at P1 and P5 mg/kg/day, respectively. In the adult 28-day dietary immunotoxicity study in CD rats (Boverhof, personal communication), significant RBC and brain cholinesterase inhibition were seen at similar dose levels (P0.4 and P2 mg/kg/ day CPF, respectively) to the current study. RBC ChE inhibition at 0.4 mg/kg/day CPF was somewhat greater in the immunotoxicity study (53.7% of control compared with 80.5% at 0.5 mg/kg/day in the current study), which may have been related to the extended dosing period in the immunotoxicity study (11 days in the current study vs. 28 days in the immunotoxicity study) or the difference in exposure routes (oral gavage in corn oil in the current study vs. dietary in the immunotoxicity study). In a study by Carr and Nail (2008) , ChE inhibition was measured in multiple areas of the brain in rat pups dosed daily by gavage from PND 10-16 with 5 mg/kg/ day CPF in corn oil. Brain ChE inhibition ranged from 54% (cerebellum and medulla) to 64% (forebrain) with this dosing paradigm compared with whole brain ChE inhibition that ranged from 59% to 68% at 3.5 mg/kg/day from PND 11-21 in the current study. These results show comparable brain ChE inhibition despite slight differences in dose and exposure duration.
With CPFO exposure, brain ChE was not inhibited in either adults or pups at any dose level tested, despite similar sensitivity at both ages to CPFO inhibition of RBC and plasma ChE. These data indicate a lack of systemic bioavailability of CPFO to peripheral tissues and suggest that exposure to CPFO is less toxic to brain ChE than exposure to parent CPF. In preliminary studies, doses 610 mg/kg CPFO did not inhibit brain ChE activity in adult female rats (Table 2 ). This finding differs from Betancourt and Carr (2004) who reported $50-60% decreases in brain ChE in newborn rats (PND 1-6) exposed daily to 0.25 or 0.35 mg/kg/day CPFO via oral gavage. These results may differ from the current study because the pups were younger at the time of exposure; therefore, an incomplete blood-brain barrier and/or slower detoxification pathways for CPFO may have contributed to brain ChE inhibition. However, this PND 1-10 age range has generally been considered to be physiologically more consistent to human fetuses in utero (US EPA, 2011) and therefore, would not be relevant for evaluation of neonatal human exposures.
In conclusion, both the acute and repeated-dose data indicate that young animals are not more sensitive than adults to CPF or CPFO over the lower portion of the dose response curves. This conclusion has been confirmed subsequently using Benchmark Dose Modeling (Reiss et al., 2012) . Thus, with low-level, environmentally relevant exposures, higher sensitivity of young animals to ChE inhibition would be unlikely. Furthermore, there is no indication of altered brain ChE activity in either pups or adults following 11 daily exposures to <0.5 mg/kg/day CPFO, the proximate toxicant with CPF exposure. These data suggest that there should be little, if any, concern for CPFO-mediated brain ChE inhibition at environmentally relevant exposure levels.
